We show that chronic high fat diet (HFD) feeding affects the hypothalamus of male but not female mice. In our study we demonstrate that palmitic acid and sphingolipids accumulate in the central nervous system of HFD-fed males. Additionally, we show that HFD-feeding reduces proliferator-activated receptor gamma coactivator-1 alpha (PGC-1) thus reducing estrogen receptor  (ER) and driving hypothalamic inflammation in male but not female mice. Hypothalamic inflammation correlates with markers of metabolic dysregulation as indicated by dysregulation in glucose intolerance and myocardial function. Lastly, we demonstrate that there are blockages in mitophagy and lipophagy in hypothalamic tissues in males. Our data suggest there is a sexually dimorphic response to chronic HDF exposure, females; despite gaining the same amount of body weight following HFD-feeding, appear to be protected from the adverse metabolic effects of the HFD.
Obesity and Inflammation
Obesity has become a major health problem worldwide, with the number of people who are either classified as overweight or obese people currently being higher than 2 billion [1] . Obesity is associated with and promotes an inflammatory state in a variety of tissues, namely liver, pancreas, adipose tissues, muscle and the central nervous system (CNS) [1] . An array of pro-inflammatory cytokines, such as TNF-, IL-1 and IL-6 are significantly increased in these tissues [2, 3] . The inflammatory state induced by excess consumption of nutrients/obesity is different when compared to 'classical' immune-mediated inflammatory pathways. In obesity, the inflammatory trigger is metabolic and emerges from metabolic cells, such as adipocytes or neurons. A host of signaling pathways in these cells, such as the kinases c-jun N-terminal kinase (JNK), inhibitor of κ kinase (IKK) and nuclear factor kappa B (NF-κB), have been shown to be activated upon nutrient overload. Further, specific activation of these pathways appears to be critical in inflammation-induced insulin resistance [1] .
Within the CNS, the hypothalamus, a key regulatory site for mediating energy expenditure, food intake, and glucose homeostasis, becomes inflamed and insulin resistant following exposure to a high fat diet (HFD) [2, 3] . This
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condition promotes excessive feeding and body weight gain, leading to the onset of obesity and obesity-associated diseases.
Obesity affects both males and females; nonetheless, premenopausal females are generally protected from the development of obesity-associated metabolic complications when compared to males [4, 5] . Interestingly, this protection is lost in post-menopausal females and the incidence of obesity and obesity-associated diseases increases dramatically following menopause.
Inflammation is induced in the brain of male mice following HFD exposure
In our study, we analyzed the sexually dimorphic response to chronic exposure to HFD [6] . We exposed male and female wild-type C57BL/6 mice to a 42% HFD (TD.88137, Teklad Global Diets, Harlan, Indianapolis, USA), which was enriched in saturated fatty acids, for 4 weeks. As expected, mice became obese and, importantly the amount of body weight gained was not significantly different between the two sexes.
High levels of saturated fatty acids, and specifically palmitic acid (PA), have been shown to mediate insulin resistance in the hypothalamus [7] . We decided to evaluate, through mass spectrometry, the levels of this fatty acid in the CNS and we found it was significantly increased only in the brains of male mice fed on HFD. PA is also the precursor of sphingolipids (ceramides, glucosylceramides and sphingomyelins) and, consistently, these lipids were significantly increased in the hypothalamus of male animals fed with a HFD when compared to the females. Importantly, elevated levels of sphingolipids have previously been associated with reduced insulin signaling and increased inflammation within the CNS [8] . Indeed, higher levels of pro-inflammatory cytokines (Tumor Necrosis Factor α (TNFα), Interleukin 1 (IL1) and IL6) were produced in the hypothalamus of HFD male but not female mice. Female animals fed the HFD, even though they significantly increased their body weight, did not show elevated levels of PA, sphingolipids nor pro-inflammatory cytokines in the CNS.
Importantly, hypothalamic inflammation in male mice was also associated with alterations in glucose homeostasis and reduced myocardial function, thus providing the physiological relevance of hypothalamic inflammation.
These results suggest that male and female mice differentially metabolize fatty acids acquired from the diet. The mechanism that underlies this difference is currently a topic of research in our laboratories.
ERmodulates hypothalamic inflammation in neurons and astrocytes
As previously mentioned, our study showed that female mice, independent of body weight gain, are generally protected from the adverse metabolic effects of HFD. We hypothesized that estrogens/ estrogen receptor  (ER) might be responsible for these sexually dimorphic responses seen in mice following HFD-exposure.
Indeed, ER knock-out mice are obese and glucose intolerant, confirming the importance of this protein in the control of body weight and glucose homeostasis [9] . Additionally, previous studies published by our laboratory and others, affirmed hypothalamic ER is required to control food intake, body weight and glucose clearance [10, 11] . Further, men carrying deletion and/or point mutations in the gene coding for ER are obese and glucose intolerant.
Importantly, the natural ligand for ER, the steroid hormone 17- estradiol (E2), has previously been shown to have an anti-inflammatory role in the brain [12] . Therefore, we sought to determine the effect of the HFD on hypothalamic ER. Our results identified an inverse correlation between ER and pro-inflammatory cytokine levels. In male mice following the HFD exposure, ER transcript and protein levels were significantly decreased; this difference was not identified in females fed on the same diet.
To confirm the role of ER in the modulation of inflammation we decided to use different in vitro models: the N43 hypothalamic cell line and primary neuronal cell cultures. Cells were treated with PA, the most abundant fatty acid in the diet used for our study, and which is increased in the brain of males following HFD exposure. PA treatment promoted inflammation in the cell line and primary neurons. Importantly, in primary neuronal cultures, following PA treatment, they show the sexually dimorphic response we identified in animals, specifically: neurons derived from male animals are significantly more inflamed than females following exposure to PA. Further, pre-treatment with E2 significantly inhibited the PA-induced inflammation only when ER was expressed in the cells, suggesting that ER was required for the E2 anti-inflammatory effect. To confirm the key role of ERα in the modulation of the inflammatory response we showed that viral overexpression of ER was sufficient to significantly inhibit the pro-inflammatory effect of PA-treatment. These data suggest that ER is necessary and sufficient to modulate the fatty acid-induced inflammatory response.
Up to now we had only considered neurons in our study, nonetheless, more than 50% of the cells in the CNS are non-neuronal. Microglia and astrocytes have both been shown to accumulate in the hypothalamus of animals during chronic HFD consumption [2] . To this end, our data showed that microglial cells in vivo (CX3CR1 GFP/GFP mice) and in vitro (BV2 cells) did not express ER. Consistently, in vitro, in BV2 cells, pretreatment with E2 did not inhibit the PA-induced inflammation, confirming that ER is required to mediate the E2-mediated anti-inflammatory effect.
Conversely, astrocytes express ER and PA treatment promoted activation and inflammation of primary astrocytic cell cultures together with loss of ER. Further, E2 pretreatment inhibited PA-induced inflammation in astrocytes. Importantly, also in primary astrocytic culture, the response to PA was sexually dimorphic, with primary astrocytes from males being significantly more inflamed than females. Consistently, in vivo, astrogliosis was identified only in the hypothalamus of male mice following chronic HFD-exposure. These data suggest that astrocytes, together with neurons, are responsible for the sexually dimorphic responses we found in vivo.
PGC-1 regulates ER in the hypothalamus
To identify a potential mechanism responsible for the HFD-induced decrease in ER, we focused on the role of the transcriptional coactivator Peroxisome Proliferator-Activated Receptor-Gamma Coactivator-1 alpha (PGC-1), a known factor in mediating metabolic pathways [13] . Previous studies showed that PGC-1 regulates ER transcriptional activity in vitro [14, 15] . We confirmed that this occurs also in vivo, specifically in the hypothalamus where the two proteins are co-localized.
Chronic HFD feeding decreased PGC-1 in the hypothalamus of male mice leading to ER loss and promotion of inflammation, whereas this did not occur in females. Therefore, our results suggest that both, PGC-1 and ER are part of a hypothalamic-signaling network, involved in the inflammatory response to HFD.
Even though both, PGC-1 and ER were decreased in HFD conditions, thus leading to hypothalamic inflammation, we determined that ER is the critical player in the anti-inflammatory response. ER overexpression, in the condition of PGC-1 depletion, was sufficient to significantly inhibit the PA induced inflammation. Nonetheless, ER overexpression per se did not blunt PA induced inflammation thus suggesting that other proteins are involved in this pathway.
Autophagy is dysfunctional in the hypothalamus of HFD-fed male mice
Exposure of neurons and astrocytes to nutrient excess represents a significant stress for these cells. Thus, to limit cellular damage, cells stimulate adaptive mechanisms such as autophagy. Autophagy is a catabolic process involving the degradation of the cell`s own components [16] . A cytosolic cargo is sequestered within a double membrane vesicle called autophagosome and then delivered to lysosomes for degradation. The cargo can be formed by cytoplasmic proteins or organelles, such as mitochondria -mitophagy -or lipid droplets -lipophagy [16] . The autophagic process helps to maintain a balance between synthesis, degradation, and recycling of cellular components and therefore it is important for the maintenance of cellular function and growth. As previously mentioned, autophagy represents an important response to cellular stress, such as endoplasmic reticulum stress or oxidative stress, which are induced when eating a HFD [17] . However, when the cellular stressors continue over long periods, such as following chronic exposure to a HFD, an autophagy defect occurs, which inhibits the capacity of the cells to remove the damage. Diminished autophagy results in increased inflammation, obesity and obesity-associated diseases [16, 18] . Importantly, new data from our and other laboratories have shown that inhibition of the autophagic flux occurs in the hypothalamus following chronic HFD exposure ( Figure  1 ) [19, 20] . We are currently focusing our studies on organelle-selective autophagy specifically, mitophagy and lipophagy, and how these processes are modified in HFD-obese mice. Following chronic HFD exposure, our data demonstrate the number of mitochondria degraded through the autophagic pathway is decreased in the hypothalamus (Figure 2 a, b) , and again this occurs only in the males and not in the females. These findings suggest in males there is increased oxidative stress and accumulation of dysfunctional/toxic mitochondria, which may facilitate increased hypothalamic inflammation following chronic exposure to the HFD. The molecular mechanism that regulates this pathway is still unknown and is currently being studied in our laboratory.
The second organelle-specific form of autophagy that is a focus of our research is the lipophagic pathway. In the liver, long-term HFD exposure reduces lipophagy leading to lower -oxidation rates and lipid accumulation in the cytoplasm of the hepatocytes [21] . Our data demonstrate that this also occurs in the hypothalamus of HFD exposed mice, as evidenced by perilipin-2 (PLIN2) staining, a protein expressed in the coat of the lipid droplets, which is significantly increased following HFD-feeding in male mice, suggesting that lipids are accumulated in this brain region (Figure 2 c, d) . Interestingly, the fusion between lipid droplets and autophagosomes, as quantified by colocalization between PLIN2 and the marker of autophagosomes green fluorescent protein -microtubule-associated protein 1A/1B-light chain 3 (GFP-LC3), is reduced following HFD exposure, thus suggesting that the number of lipid droplets degraded by lipophagy is decreased in HFD-fed animals (Figure 2 c, e) . Why lipid droplets are not delivered/recognized by autophagosomes in these conditions is still unknown and it is currently a topic of research in our laboratories.
Conclusions
Our data demonstrate how differently males and females respond when chronically fed a HFD. We have shown that PA and sphingolipids are increased in the hypothalamus of male mice and this promotes an inflammatory response, induced by a decrease in the PGC-1/ER pathway. From a physiological point of view, this inflammatory response correlates with metabolic dysfunction such as glucose intolerance and reduced myocardial activity, which characterize obesity-associated diseases (Figure 3 ).
Recent studies, together with our data, have identified a dysregulation in the autophagic response in the hypothalamus following chronic HFD exposure. Whole cell autophagy and organelle-specific autophagy (mitophagy and lipophagy) appear to be reduced. Importantly, inhibited autophagic flux has been shown to enhance the inflammatory response driving to metabolic imbalance and further promoting obesity (Figure 3) . Even though different mechanisms demonstrating the impact of autophagy on energy balance have been shown, the molecular mechanisms that underline the blockage in the autophagic flux following long-term HFD exposure have not been elucidated. Further, it is still unknown whether PGC-1 and ER loss might affect hypothalamic autophagy.
The answers to these questions will lead to the development of new and effective sex-based treatments for the prevention of HFD/obesity-induced metabolic diseases. Long-term consumption of HFD leads to metabolic imbalance in male mice. Our study demonstrates that the response to chronic HFD is sexually dimorphic. While females are generally protected from the adverse effects of HFD, males show hypothalamic inflammation, which correlates with signs of metabolic dysfunction, namely glucose intolerance and decreased cardiac activity. The molecular basis for this sexually dimorphic hypothalamic inflammation implicates the PGC-1α/ERα pathway. Our laboratories are currently evaluating the mechanisms and the role of dysregulated autophagy, which is seen in the hypothalamus of chronic fed males, leading to hypothalamic inflammation and obesity-associated diseases. See the main text for further details.
